Abstract Studies of preparation of active carbons of good structural and adsorption properties based on commercial biochars, which become wastes after removal of precious volatile components from natural raw materials of different origin, i.e., from wheat straw, Miscanthus grass, walnut shells, and energetic willow were carried out. There was applied the physical activation under atmospheric pressure in the fluidal reactor using CO 2 or overheated steam and in the closed system in the high pressure microwave reactor under hydrothermal conditions. The obtained active carbons were investigated by means of adsorption (N 2 ), thermal (TG, DTG, DTA), spectral (Raman spectra) as well as electron microscopy methods. The adsorbents obtained as a result of modification were characterized by a welldeveloped porous structure and greater thermal resistance compared to the initial biochars.
Introduction
Lately, due to increasing degradation of soil, the search for the ways of management of organic biodegradable wastes has been more and more intensive in soil quality improvement processes. It is connected with production of new materials to limit the use of chemical fertilizers and plant protection agents, reduction of greenhouse gases emission as well as carbon sequestration in soil. Biochar can be a solution to these problems.
Making use of biochars in agriculture is not a new problem. It is assumed that they can be used, among others, for remediation of contaminated soils, sequestration of carbon in soil, improvement of composting conditions, improvement of soil properties, and removal of impurities from soils as well as underground and surface waters [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
The materials used for production of biochars are raw materials of natural origin including energetic plants, forestry and agricultural wastes, sludges and organic fraction of municipal wastes, agriculture and food processing wastes, and many others [12, 13] . Choice of substrates for biomass production depends on their physicochemical properties and predicted applications. Biochar is obtained in the pyrolysis process which consists in the thermal conversion of plant biomass or organic waste under oxygen-free conditions. During treatment at about 350-700°C, besides biochar, some highly energetic liquid and gas products (oil being a mixture of liquid hydrocarbons and synthetic gas being a mixture of gas hydrocarbons) are formed. Proportions of the pyrolysis products depend on the kind of initial material and process conditions: range and rate of changes of temperature, time, pressure, and atmosphere [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The choice of pyrolysis parameters affects productivity and quality of the obtained biochar.
Biochar obtained at a temperature lower than 400°C is characterized by very low-specific surface area and poorly developed pores structure. Therefore, it does not exhibit desired adsorption properties. This refers to the biochars which are the residue from the processes of obtaining of gas and liquid products from plant materials. One of the methods used for modification of carbon material porous structure is activation in the oxidizing atmosphere (H 2 O, CO 2 , H 2 O 2 , O 2 ? N 2 ). During this process, partial carbon gasification takes place using the oxidizing agents [12, [24] [25] [26] [27] [28] . Then the finest, unstructurized particles of carbon matter are oxidized and thus the pores structure is developed. In the modification of biocarbon porous structure, the results of using of microwave energy are also noteworthy. There are some reports [29] [30] [31] [32] that in such conditions carbon can reach the temperature up to 900°C or even higher. High temperature and oxidizing properties of overheated water vapor create perfect conditions for activation (gasification) of carbon phase. The aim of this paper was to work out some methods for development of porous structure of commercial biochars, which become wastes after removal of precious volatile components and to determine the properties of the obtained active carbons.
Experimental Preparation of initial materials
For the investigations, there were used commercial biochars prepared from raw natural materials: wheat straw (WS), Miscanthus grass (MG), walnut shells (WN), and energetic willow (EW). Biochar from wheat straw (WS-ini) was powdery and also consisted of grains of various size and shape. In order to obtain a more homogeneous fraction, the material was passed through the sieves of different size of meshes. The middle fraction 0.63 mm \d \0.8 mm was used in the studies. In order to obtain a representative sample of biocarbon from the walnut shells (WN-ini), the material was disintegrated in the mortar and passed through the sieves of different mesh sizes, and the fraction 0.63 mm \ d \ 0.8 mm was used in the studies.
In the case of biocarbons from Miscanthus grass (MGini) and energetic willow (EW-ini), the grains of both biocarbons had a needle shape, difficult to be separated on sieves, so they were studied in the original form without disintegration and sifting.
Activation

Activation in dynamic conditions
Biochar samples were activated in the quartz fluidal reactor at 800°C using carbon dioxide or overheated water vapor as oxidation agents. The weighed samples were ca. 7 g. In the case of activation with CO 2 , this gas flow during all stages of the process (100 mL min -1 ), i.e., during temperature increase from 20 to 800°C with the rate 10°C min -1 , isothermal heating at 800°C for 1 h, and cooling to room temperature. The activated carbons obtained in this procedure were designated as WS-CO 2 , WN-CO 2 , MG-CO 2 , and EW-CO 2 , respectively. During activation by means of water vapor, the following stages can be distinguished: temperature increase from 20 to 800°C with the rate 10°C min -1 in the N 2 atmosphere (flow 100 mL min -1 ), isothermal heating at 800°C in the water vapor atmosphere for 1 h. Here, the fluidal reactor was supplied with water with the rate 0.6 mL min 
Hydrothermal activation using microwave energy
All initial biochars (WS-ini, WN-ini, MG-ini, EW-ini) were modified in the microwave reactor (300 W, NANO 2000, Plazmatronika, Poland) in the water vapor atmosphere. A 1.5 g of biochar was weighed from each sample. A dry sample was placed in a quartz cell which was put into a Teflon thimble of the microwave reactor. Twenty milliliters of distilled water was poured on the bottom of thimble. The tightly closed system was exposed to microwave energy. The modification conditions: time-30 min; pressure-45 atm; and temperature-200°C. The samples obtained after activation in the microwave reactor were named: WS-micr, WN-micr, MG-micr, EW-micr.
Investigation methods
Low-temperature adsorption/desorption isotherms of nitrogen
In order to study the porous structure of the obtained carbon adsorbents, there were determined the low-temperature adsorption/desorption nitrogen isotherms at 77.4 K using the apparatus ASAP 2405 (Micromeritics, Norcross GA, USA). Before measurements, the samples were degassed at 200°C under vacuum (5 9 10 -3 Torr) to reach a constant pressure in burette. From the obtained data, the specific surface area (S BET ) was calculated according to the standard BET method [33] . The total sorption pore volume (V p ) was evaluated from the nitrogen adsorption at p/p 0 & 1 (p and p 0 denote the equilibrium and saturation pressures of nitrogen at 77.4 K, respectively) [33] and average pores radius (R av = 2V p /S BET ) assuming their cylindrical shape was determined. Specific surface area of micropores S mic and their volume V mic were determined using t-plot method [33] . Using the desorption branch data, the functions of pore volume distribution dV/dR = f(R) and cumulative area of pores S BJH were determined using the BJH method, where cylindrical pore shapes are considered [34] .
Thermogravimetric analysis
Thermal properties and carbon matter contents in the analyzed biochars were studied using Derivatograph C (Paulik, Paulik and Erdey, MOM, Hungary). The samples were placed in ceramic crucibles using aluminum oxide as the reference substance. The weighed mass was about 40 mg. The measurements were taken in the temperature range 20-1200°C with the temperature increase 10°C min -1 in the air atmosphere. The TG, DTG, and DTA curves were registered.
Raman spectra
In order to obtain information about carbon matter structure in the studied adsorbents, there were made Raman spectra using Microscope DMLM Leica Research Grade, inVia Reflex (Renishaw, UK). Excitation was achieved using laser 514 nm. The resolution was 1 cm -1 and accumulation of 4 spectra.
Electron scanning microscopy
Morphology of biochars surface was studied using the SEM technique on the high-resolution electron-ionic scanning microscope DualBeam Quanta 3D FEG (FEI, USA) in the condition of high vacuum (accelerating voltage 5 kV, magnification from 9200 to 9100,000).
Results and discussion
Structural analysis Figure 1 presents the nitrogen adsorption/desorption isotherms and the differential functions of pore volume distribution in relation to their average radii for all studied samples. According to the IUPAC recommendation [35] , all isotherms presented in this figure can be classified as type IV. As follows from the analysis of their shape, the initial sample of biochar prepared from wheat straw (WSini, Fig. 1a ) is characterized by poorly developed porosity. Insignificant adsorption is observed in the whole range of low relative pressures. However, the isotherms of the samples modified in the fluidal (WS-H 2 O, WS-CO 2 ) and microwave (WS-micro) reactors are characterized by large adsorption at low p/p 0 which indicates microporosity (particularly in the case of the sample WS-CO 2 ) and also by distinct hysteresis loops evidencing development of mesopores structure. According to the IUPAC classification [35] , these loops belong to the H3 type indicating the occurrence of pores of slit-like shape and capillary of nonparallel walls, which is typical of carbon adsorbents.
The above observations are confirmed by the course of pores volume distribution curves in relation to their average radii are presented in Fig. 1a (right picture). As can be seen the modification in both fluidal and microwave reactors causes intensive development of micro-and mesoporous structures. However, for the adsorbent activated with water vapor (WS-H 2 O), the peak maximum in the range of transition pores is shifted toward wider radii (over 2 nm) compared to the corresponding peaks for the other adsorbents (less than 2 nm).
A different course of the nitrogen adsorption/desorption isotherms and function of pores volume distribution in relation to their average radii is presented in Fig. 1b for the series of samples obtained from the initial biochar from Miscanthus grass (MG-ini) modified in the microwave (MG-micr) and fluidal (MG-CO 2 , MG-H 2 O) reactors. The isotherm for the sample MG-ini is not presented due to very low adsorption.
As follows from the analysis of curves courses in Fig. 1b , similar to the case of biochar WS, all activation forms lead to development of porous structure, both micro-and mesoporosity. Modification in the fluidal reactor using overheated water vapor (MG-H 2 O) proved to be the most effective. The isotherm for this sample takes the highest position in relation to the adsorption/desorption axis (Fig. 1b, left picture) , but intensive peaks for micropores (R p about 1 nm) and mesopores (R p over 2 nm) are observed on the pores volume distribution function (Fig. 1b, right picture) . Figure 1c , d present nitrogen adsorption/desorption isotherms and differential functions of pore volume distribution for the series of biochars prepared from walnut shells (WN) and energetic willow (EW) modified in different ways. There is observed similar tendency taking into account the courses of isotherm curves (Fig. 1c, d , left pictures) as well as pores distribution (Fig. 1c, d , right pictures). Table 1 shows the structural characteristics of initial biochars and those modified under different conditions. The analysis of the data confirms the conclusions drawn from the shape of adsorption/desorption isotherms as well as pores distribution function.
In the case of the series of WS samples, the activation using CO 2 proved to be the most effective procedure. The specific surface area S BET of the biochar WS-CO 2 is 304.7 m 2 g -1 and is 11.6 times larger than S BET of the initial sample WS-ini. The significant increase was observed in the case of other structural parameters such as S mic = 221.8 m 2 g -1 -about 20-fold increase; V p = 0.154 cm 3 g -1 -about sixfold increase; V mic = 0.0982 cm 3 g -1 -about 21-fold increase compared to the initial parameter of the sample WS-ini.
Slightly smaller changes in the porous structure were observed for the sample modified in the fluidal reactor in the overheated water vapor atmosphere. The specific surface area of this biochar was 246.2 m 2 g -1 and is about nine times larger than S BET of the initial material WS-ini. The increase was also found in the other parameters, i.e., S mic = 140.4 m 2 g -1 -about 13-fold increase;
V p = 0.1587 cm 3 g -1 -about sixfold increase; V mic = 0.0622 cm 3 g -1 -about 13-fold increase compared to the parameters of the initial biochar WS-ini.
The smallest changes of porous structure parameters were observed for the biochar obtained by the This means sevenfold increase in S mic and V mic and about the fivefold increase in V p compared to corresponding parameters of the biochar WS-ini.
As follows from the data in Table 1 , the initial biochar MG-ini is practically non-porous (S BET = 0.8 m 2 g -1 ). However, due to modification with oxidizing agents, the obtained materials had a largely developed surface. Activation with water vapor in the fluidal reactor (MG-H 2 O, S BET = 748.7 m 2 g -1 , V p = 0.4812 cm 3 g -1 ) proved to be the most effective procedure. In this case, the specific surface area increase about 1000 times compared with that parameter for the initial material. Somehow worse results were obtained using CO 2 as a modifying agent (MG-CO 2 ,
) and using microwave (MG-micr, S BET = 429.6 m 2 g -1 , V p = 0.2411 cm 3 g -1 ). Very interesting results were obtained for the series of samples EW (Table 1) . As can be seen, the specific surface area of the sample EW-H 2 O (S BET = 840.6 m 2 g -1 ) is higher about 74 times compared to that parameter for the initial sample (WE-ini, S BET = 11.4 m 2 g -1 ). Also significant development in the microporous structure is observed. The specific surface area of micropores for this
) increased 112 times compared to that parameter for the initial sample (EW-ini, S mic = 4.5 m 2 g -1 ). Also satisfactory results were obtained for the samples EW-CO 2 and EW-micr, though the changes in porous structure are slightly smaller in this case compared to the sample EW-H 2 O (Table 1) .
Analogously to the above-described samples, the series of active carbons prepared based on walnut shells (WN) is characterized by a well-developed porous structure and activation by means of water vapor in the fluidal reactor proved to be the most effective way of modification. In this case, the specific surface area also increased even about 200 times for the sample WN-H 2 O (S BET = 626 m 2 g -1 ) compared to that of the sample WN-ini (S BET = 3.1 m 2 g -1 ). Table 1 presents the cumulative area of pores (S BJH ) determined using the BJH method, where cylindrical pore shapes are considered [33, 34] . To compare the values of S BET and S BJH , it is necessary to note that S BET is computed from the low pressure part (p/p 0 * 0-0.2) of the adsorption branch of the isotherm, while for estimation of S BJH , the high pressure portion of isotherm is used, primarily its desorption branch. If the pore model perfect represents pore system in the sample, these values can be close. But in the case of the presence of micropores, and when the pore shapes are different than chosen model (cylindrical) S BET is higher than S BJH . Such situation occurs in the case of the tested carbon samples. One could expect that the sum of S BJH and S mic will give the value of S BET . Indeed, for samples modified in fluidal reactor with steam or CO 2 such tendency can be seen. The samples have a lot of micropores, and shape of the pores significantly varies from the perfect cylindrical. Figure 2 presents the TG, DTG, and DTA curves for the all initial biochars (X-ini), and the samples obtained due to their modification in the fluidal reactor (X-CO 2 and X-H 2 O) as well as in the microwave reactor (X-micr). On the TG curves up to 200°C, there is observed mass loss due to evaporation of physically adsorbed water and then for the initial samples (X-ini) from about 300°C carbon matter combustion and evacuation of volatile decomposition products. It is different in the case of modified adsorbents for which combustion process starts only at higher temperature (about 380°C). This indicates larger thermal stability of biochars after modification.
Thermal analysis
Comparing the temperatures at which combustion process is finished one can see that for sample WS it is 900°C, for MG and EW about 1050°C and for WN it is 1200°C. Such tendency is the result of difference in morphology of carbon matter in the studied samples and also in the size and hardness of the particles of these biochars. Biochar from wheat straw (WS) had powdery character, so heat transport to its particles was faster and its organic part could burn completely at lowest temperature in comparison with other samples.
The grains of samples MG and EW had the shape of needles and were a little harder than the WS, so these particles could be more thermal stable compared to the WS.
The most hard and compact were grains of sample WN. Heat transfer to and from the sample and penetration of air were the most difficult. On this basis, it can be assumed that this was one of the causes of the largest thermal stability of this biochar.
A comparison of the residues after combustion of organic part in the test samples shows that biochar from wheat straw (WS) had the highest content of the ash (ca 40%) but other samples had only about 10%. As we know these are commercial samples which are the residue from the processes of obtaining of gas and liquid products from plant materials. This residue can vary depending on the type and origin of the plant and also on the technology used. The analysis of the TG curves course shows that the studied carbon materials are of complex character which is reflected by the DTG and DTA curves.
From the analysis of the DTG curves in Fig. 2 , one can see a few distinct peaks in different temperature ranges showing multistage character of the process in the studied biochars. However, on the DTA curves one can observe endothermic peaks corresponding to the evaporation process of physically adsorbed water (DTA min *100°C) and then exothermic ones which come from the process of carbon matter combustion (DTA max &400°C). Comparing position of the TG and DTA curves for the initial samples (X-ini) and after different ways of modification one can find out that treatment in the fluidal reactor in the water vapor atmosphere (X-H 2 O) imparts larger thermal resistance for carbons. The TG curves bend at about 100°C higher compared to those for initial materials. The same refers to the maxima of DTA peaks. At higher temperatures 900-1200°C (depending on the sample type) distinct exothermic DTA peaks are observed. This indicates the occurrence of transitions in the inorganic residue (ash). The onset points of DTA peaks are in the following order: WS(870°C)\EW(890°C)\MG(980°C)\WN (1000°C). It depends on the composition of the ash and consequently on the kind of plant. One of the most abundant mineral components in plants is silicon [13, 36, 37] . For instance, in the ashes of wheat straw, there is about 25% of SiO 2 [36, 37] . Silicon gives the living plant good flexibility. Other main important elements are: K, Ca, P, Mg, Na, S, Al, Fe, Mn, and Zn [36, 38, 39] . In some cases, there is the possibility the presence of traces of some heavy metals as Cu, Pb, Cd, Hg, Ni, or Cr. Depending on the type of plant and the technological conditions on the stage of pyrolysis, the resulting biochar is characterized by different composition both of organic and mineral parts. This has an impact on the processes occurring during heating at high temperature. For instance, at higher content of alkali elements, such as Na, K or Ca, and Mg, the sintering processes in the ash start at lower temperature [38] . On the basis of analysis of the DTA curves in Fig. 2 , it can be concluded that the sample WS contains the highest amount of alkaline elements, and the sample WN has the least. Figure 3 presents the Raman spectra of the studied biochar series and additionally for the graphitized carbon black Carbopack B. As can be seen, these spectra possess two characteristic peaks with the maxima at the wave numbers 1360 and 1590 cm -1 . These bands can be assigned to the structure of diamond ''D'' and graphite ''G'', respectively [40] . The band G originates from the vibrations in the graphene planes of hybridization sp 2 of carbon atoms in the aromatic structures. As commonly known [41] , the band G becomes sharper and more intensive, e.g., for graphite [42] with the increasing degree of carbon matter graphitization, i.e., for more ordered aromatic structures. However, the band D, typically observed at 1350 cm -1 , is characteristic of disordered graphene structures of the carbon hybridization sp 3 which is characteristic of diamond structure. This disorder results from the presence of microcrystalline and turbostratic structures, significantly differing from the graphite structure.
Raman spectroscopy
This may also result from the presence of basal planes edges and/or heteroatoms, e.g., O, N, and S, etc. With the increasing disorder of carbon structures both intensity and width of the band D increase in relation to the band G. The shape of Carbopack spectrum (Fig. 3) indicates great order of carbon matter in this material due to its treatment at very high temperature (about 3500°C). In the case of studied biochar samples, the bands G and D are wider and poorly separated compared to those of Carbopack. However, their shape suggests that carbon matter has a larger content of graphite-like structures (hybridization of carbon sp 2 ), than the disordered structures characterized by a large number of carbon atoms of hybridization sp 3 . As follows from the comparison of spectra in Fig. 3 for the samples after modification in both microwave and fluidal reactors, the bands G and D are better separated and more symmetric compared to those for the initial biochars.
Microscopic studies
Complementary data about surface morphology of the biochars are obtained from microphotographs made by the electron scanning microscopy (SEM) method. Figures 4 and 5 present the exemplary SEM photographs for the adsorbents prepared on the basis of Miscanthus grass (MG series). As can be seen, the surface quality of these samples is differentiated. In Fig. 4 (magnification 2009 ), the arrangement of fibrils characteristic of plant material is presented. But there is a distinct difference in the fibrils character for the initial MG-ini sample (Fig. 4a) , and the samples after various kinds of treatment (Fig. 4b, c, d ). In the biochars modified in both microwave (Fig. 4b) and fluidal (Fig. 4c, d ) reactors, the fibrils seen to be more distinct, uncovered, deprived of the part of carbon matter which was removed during activation and as a result of porous structure development ( Table 1) .
The confirmation of the discussed changes is images presented in Fig. 5 recorded at higher magnifications (100,0009 and 50009). In Fig. 5a (magnification 100,0009), we see a smooth surface of MG-ini sample with visible pore of dimension ca. 500 nm and numerous bulges of about 50 nm in size. Modification in the microwave reactor (sample MG-micr, Fig. 5b , magnification 50009), substantially caused the enlargement of previously observed protuberances (bulges) to the size of about 
Conclusions
The investigations showed that natural waste materials are good material for active carbon production. The initial biochars are characterized by very low-specific surface area and small sorption pores volume. Application of activation procedures using overheated water vapor or CO 2 as modifying agents proved to be a very effective way of developing porous structure. Due to modification under oxidizing conditions, there was observed porous structure development as a result of oxidation of less structurized parts of carbon material and creation of new pores. The adsorbents obtained were characterized by a larger degree of ordering of carbon matter. Active carbons from waste biochars 23
